Abstract Background. Ethanol, tobacco-specific nitrosamine ketone (NNK), and ethanol+NNK exposures cause steatohepatitis, suggesting that smoking can be a cofactor in alcoholic liver disease. Study design. We used MALDI-TOF imaging mass spectrometry (IMS) to characterize hepatic lipid profiles in steatohepatitis caused by ethanol, NNK, and ethanol+NNK. Results. Ethanol, NNK, and ethanol+NNK increased levels and altered the profiles of hepatic phospholipids. Ethanol caused striking accumulations of m/z 932.7 phosphatidylinositol (PI). NNK increased hepatic levels of PIs with m/z's of 934.8, 960.8, and 962.7. Relative abundance of PIs with m/z's of 857.9 or 883.7 increased progressively from control to NNK, then ethanol, and finally ethanol+NNK, indicating differential and additive effects of these exposures. In contrast, no differences occurred with respect to phosphatidylethanolamine (m/z 766.9), phosphatidylserine (m/z 810.9) or PIs with m/z of 960.8 or 962.7. Principal component analysis generated distinct exposure-related hepatic lipid profiles. Conclusion. MALDI-IMS could serve as a complementary diagnostic aid for differentiating underlying causes of steatohepatitis.
Introduction
Long-term consequences of heavy alcohol abuse include progressive steatohepatitis leading to cirrhosis, liver failure or hepatocellular carcinoma [1, 2] . The pathogenesis of alcoholic liver disease (ALD) is somewhat perplexing because it occurs in just a subset of heavy drinkers, and its development and progression are not strictly tied to alcohol dose or duration of abuse. Correspondingly, several lines of evidence suggest that cofactor exposures and disease processes contribute to ALD. For example, a key factor promoting acute alcoholic hepatitis, the precursor to progressive ALD, is binge drinking superimposed on chronic heavy alcohol abuse [3] . The very high rates of chronic hepatitis B or C virus infections in patients with alcoholic cirrhosis [4] suggest that virus-mediated injury can also serve as a cofactor in ALD. Another important cofactor is endotoxinmediated injury via the gut-liver axis [5] whereby combined effects of altered intestinal microbiota and increased intestinal permeability cause bacterial translocation and robust activation of proinflammatory cytokines, leading to hepatocellular injury and degeneration [6] . Finally, a fourth factor likely contributing to ALD, which has not yet received due attention, is tobacco smoke exposure. Epidemiological data show that nearly 80% of heavy drinkers with ALD also smoke tobacco [7, 8, 9, 10] . Our interest in analyzing the contributions of tobacco smoke and related toxins to ALD stems from earlier studies showing that limited lowlevel exposures to nitrosamines such as streptozotocin and N-nitrosodiethylamine cause steatohepatitis with hepatic insulin resistance, oxidative and ER stress, and lipid dyshomeostasis [11, 12] , similar to the effects of alcohol [13, 14] . In a recent study designed to assess differential adverse hepatic effects of alcohol and the tobacco specific nitrosamine, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), we demonstrated independent and additive effects of alcohol and NNK in relation to histopathological, ultrastructural, molecular, and signal transduction abnormalities associated with steatohepatitis [15] .
Although ALD is driven by insulin resistance [13, 16] , inflammation [17] , and oxidative and endoplasmic reticulum stress [16, 18] , each of these pathogenic mediators can be linked to dysregulated lipid metabolism [19, 20] . In this regard, ALD and other forms of steatohepatitis are marked by altered lipid profiles, including those corresponding sphingolipids, particularly ceramides [14, 16, 19, 20, 21] , and membrane phospholipids [22, 23, 24] . Since histopathological and imaging studies cannot distinguish underlying causes of steatohepatitis, additional diagnostic approaches are needed that could eventually lead to the development of molecularly targeted therapy.
Matrix-assisted laser desorption ionization imaging mass spectrometry (MALDI-IMS) enables visualization of specific molecules, including drugs, lipids, peptides, and proteins in tissue sections [25, 26] . MALDI-IMS has remarkable sensitivity and specificity. Specificity is conferred via detection of ions with known mass/charge (m/z) characteristics [27, 28] . Therefore, MALDI-IMS can be used to examine tissue biochemical abnormalities, and thereby complement data obtained by histopathological and molecular studies. By far, one of the most challenging aspects of deciphering the underlying causes of steatohepatitis is delineating the nature and extent of lipid abnormalities that occur with different exposures and disease stages. Lipids have great structural diversity with up to 100,000 species present in the mammalian lipidome (LIPID MAPS Database) [29] . Despite their relative structural simplicity, the cellular lipidome's composition is complex and its functions are diverse. For example, lipids are critical for providing structural integrity to membranes (lipid bilayers); they serve as energy reservoirs (triglycerides); and they are used to generate precursor molecules needed for second messenger signaling [30] .
Glycerophospholipids are amphipathic glycerol-based phospholipids that comprise the main structural components of biological membranes, including plasma and organelle membranes. The first two carbons of the glycerol backbone are ester-linked to hydrophobic (apolar) fatty acid tails, while the third carbon is ester-linked to a hydrophilic (polar) phosphate head that serves as a link to another alcohol, for example, ethanolamine, choline, serine or a carbohydrate (glycolipid) [31] . A large range of phosphoglycerides can be generated by attaching an additional group to the phosphate head. Examples of glycerophospholipids found in biological membranes are phosphatidylcholine (also known as PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), and phosphatidylserine (PS). MALDI-IMS has been used extensively to study lipids in tissue because IMS can resolve their structures and compositional diversity [32, 33] . For example, MALDI-IMS has been used to visualize the heterogeneous distribution of PC species in mouse brains [34] , and effects of traumatic brain injury on the differential localization of PCs in rat brains [35] . Furthermore, MALDI-IMS detected alterations in phospholipid zonation in human livers with steatosis or nonalcoholic steatohepatitis (NASH) [36] , and MALDI-TOF was used to measure serum lipidomic profiles in patients with NASH [37] . The present study examines the utility of MALDI-IMS for distinguishing glycerophospholipid profiles in experimental steatohepatitis produced in Long Evans rats by chronic ethanol, NNK or ethanol+NNK exposures.
Materials and methods

Materials
HPLC grade solvents, ammonium formate, and 2,5-dihydroxybenzoic acid (DHB) were purchased from Sigma Aldrich (St. Louis, MO, USA). DHB was recrystallized prior to use [38] . Conductive indium tin oxide (ITO) coated microscope glass slides were purchased from Delta Technologies (Loveland, CO, USA). Tissue-Tek Optimal Cutting Temperature Compound (OCT) was purchased from Sakura Finetek (Torrance, CA, USA). The sublimation apparatus was purchased from Chemglass Life Sciences (Vineland, NJ, USA). Copper conductive tape was purchased from Electron Microscopy Sciences (Hatfield, PA, USA). The digital thermocouple vacuum gauge controller (Teledyne Hastings) was purchased from Ideal Vacuum (Albuquerque, NM, USA).
Experimental model
Long Evans four-week-old male rats were pair-fed for 8 weeks with isocaloric liquid diets containing 0% or 6% (v/v) ethanol (0% or 26% by caloric content). From Weeks 3 through 8, rats in each group were administered intraperitoneal (IP) injections (100 µL) of NNK (2 mg/kg) or saline on Mondays, Wednesdays, and Fridays; and in Weeks 7 and 8, ethanol-fed rats were binged with 2 g/kg ethanol (100 µL, IP) on Tuesdays, Thursdays, and Saturdays while controls were treated with saline. Each group included six to eight rats. Rats were monitored daily to ensure adequate nutritional intake and maintenance of body weight. At the end of the experiment, rats were sacrificed to harvest livers [15] . Rats were housed under humane conditions and kept on 12-hour light/dark cycles with free access to food. All experiments were performed in accordance with protocols approved by Institutional Animal Care and Use Committee at the Lifespan-Rhode Island Hospital, and they conformed to guidelines established by the National Institutes of Health. Fresh liver tissue was snap frozen on dry ice and stored in −80°C. Prior to cryostat sectioning, the tissues were equilibrated to −20°C. Tissue blocks were mounted onto cutting blocks using a small button of OCT, such that the OCT did not contaminate the cut tissue sections. Cryostat sections (10 µm thick) made using a Leica CM 3050 machine (Nossloch, Germany) were thaw-mounted onto ITO-coated glass slides (80 Ω, 2.5 × 7.5 cm), and dried in a vacuum desiccator for 2 h. The sections were then washed with chilled ammonium formate (50 mM, pH 6.4) buffer (∼ 150 µL onto tissue, 5 s, repeated 4×) to remove salts and enhance sensitivity for lipid analysis [39] . After redrying in a vacuum desiccator for Workflow for MALDI image analysis. Cryostat sections (10 µm thick) of rat liver were thaw-mounted on ITO coated slide. 2,5-dihydroxybenzoic acid matrix was applied by sublimation. Mass spectra were generated across the tissue from a 100 µm-interval pixel array. Adjacent H&E stained sections were examined by light microscopy to select regions of interest for data analysis. The distribution and intensity of individual lipid ions were visualized, and the relative abundances of averaged mass spectra were used for intergroup comparisons. Principle component analysis was performed using ClinProTools. Lipid identification was achieved via tandem MS using LIFT-TOF/TOF and then searching the LIPID MAPS Database.
30 min, the samples were sublimed with DHB as the matrix using a sublimation apparatus [40] .
Imaging mass spectrometry and data analysis
Imaging experiments were performed using a reflectron geometry MALDI-TOF/TOF mass spectrometer (Ultraflextreme, Bruker Daltonics, Bremen, Germany). For analysis, a Smartbeam II Nd:YAG laser was focused to ∼ 100 µm spot size. Imaging data were acquired by summing 500 shots per array position at a laser repetition rate of 1,000 Hz. To evaluate lipid distribution, imaged data were collected in the negative ion mode at a lateral resolution of 100 µm. An immediately adjacent section was imaged in the positive ion mode. Imaging data were processed using FlexAnalysis v3.4. Images were visualized with FlexImaging software v4.0, and results were normalized to total ion count (TIC) in order to prevent ion suppression and variation across tissue sections or matrix preparations.
To ensure the reproducibility of the results, imaging experiments were repeated using serial sections from each group with samples placed on separate slides. The images obtained from two independent experiments demonstrated the same exposure-related trends with respect to lipid ion profiles and intensities ( Supplementary Figure 1(a) ). Furthermore, interanimal reproducibility was demonstrated by the consistent patterns and distributions of hepatic lipids observed following the same treatments in different rats (Supplementary Figure 1(b) ).
Data analysis
Statistical analyses were performed using ClinProTools v3.0. After all imaging data were acquired, the imaged tissue sections and adjacent nonimaged sections were immersion fixed in formalin and stained with hematoxylin and eosin (H&E). Data analysis was focused on representative histopathological regions of interest delineated by coregistration of the MALDI-IMS and H&E stained histological sections. Lipids were identified by comparing their mass measurements with those catalogued in the LIPID MAPS prediction tool (http://www.lipidmaps.org/tools/ index.html), and confirmed by MS/MS in the LIFT-TOF/ TOF mode.
Results
Characteristics of the ethanol, NNK, and ethanol+NNK
experimental models Detailed characterization of the histopathological features, impairments in insulin/IGF signaling, indices of oxidative stress, and inflammation in livers from chronic+binge ethanol, NNK, and ethanol+NNK-exposed rats is reported elsewhere [15] . In brief, ethanol, NNK, and ethanol+NNK all caused steatohepatitis with hepatocellular necrosis, disruption of the hepatic cord architecture, ballooning degeneration, early fibrosis, mitochondrial cytopathy, and disruption of the endoplasmic reticulum ultrastructure. Severity of lesions increased from NNK to ethanol and then ethanol+NNK, whose effects were additive. Both ethanol and NNK inhibited insulin/IGF signaling through PI3K-Akt and activated pro-inflammatory cytokines. The adverse effects of ethanol and NNK differed in that ethanol promoted lipid peroxidation while NNK increased apoptosis. In addition, O 6 -methylguanine adducts of NNK were detected only in NNK-exposed livers. These findings suggest that injury targeting macromolecules, including lipids and proteins, may differentiate effects of ethanol and NNK in the liver [15] .
MALDI-IMS analysis
Lipid content in livers from the experimental ethanol-, NNK-or ethanol+NNK-exposed rats was greater than in control livers. In addition, the experimental group livers were further distinguished from control based upon their differential profiles and levels of glycerophospholipids, including ethanolamines (PEs), serines (PSs), and inositols (PIs) (Figure 2 ). To reduce data volume, the breadth of analysis was restricted to standardized (size and shape) regions of interest (ROI) that were most representative of the histopathology on H&E stained sections (SMdlM), and used for coregistration with the MALDI-IMS optical images (Figure 1) .
MALDI-IMS analysis revealed altered intensities and distributions of hepatic phospholipids in all experimental groups relative to control. Correspondingly, the intensities of phosphatidylethanolamine with m/z 766.9, phosphatidylserine with m/z 810.9, and phosphatidylinositols with m/z Tandem mass spectrometry (MS/MS) with MALDI LIFT-TOF/TOF was used to fragment phospholipids in negative ion mode. Lipid species assignment was achieved by searching the LIPID MAPS Database. Directional arrows correspond to the mass spectra peak intensities (abundances) of phosphatidylethanolamine (PE), phosphatidylserine (PS) or phosphatidylinositol (PI) ions in the experimental groups relative to control (↓ or ↑ = weakly reduced or increased; ↓↓ or ↑↑ = moderately reduced or increased; ↓↓↓ or ↑↑↑ = sharply reduced or increased).
960.8 and m/z 962.7 were higher in all experimental groups than in controls ( Figure 2 ). In addition, lipid ion intensities reflected by the average MALDI spectra from ROI analyses were higher in the NNK, ethanol, and ethanol+NNK livers than in control livers ( Figure 3 ). The experimental groups were distinguished by the striking and diffuse accumulations of the m/z 932.7 phosphatidylinositol species in ethanol-exposed liver, and accumulations of phosphatidylinositols with m/z's 934.8, 960.8, and 962.7 in NNK exposed livers. In addition, phosphatidylinositol ions with m/z's of 857.9 and 883.7 increased progressively from control to NNK, then ethanol, followed by ethanol+NNK exposures, suggesting additive or synergistic effects. Principal component analysis (PCA) generated distinct clusters for each experimental group indicating exposurerelated differences in hepatic lipid profiles.
Structural identification of hepatic lipid ions
We used tandem mass spectrometry (MS/MS) with MALDI LIFT-TOF/TOF to identify 14 selected lipid ions directly in tissue ( Figure 4 ; Table 1 ). However, due to low fragment intensities (abundances), the structures of phospholipid ions with m/z's 938.8 and 986.7 were not elucidated. Lipid Maps (www.lipidmaps.org/tools/ms/GP prod search.html) of glycerophospholipid precursor/product ions, characterized in the negative ion mode, were used to identify specific spectra corresponding to lipid ion fragmentation patterns. Molecular structural assignments were achieved by (a) Average MALDI-TOF MS spectra of control, NNK-exposed, alcohol-exposed, and ethanol+NNK-exposed rat livers. The spectra acquired within each specified ROI were averaged using ClinProTools software. The relative intensities of the lipid ions detected between m/z 800 and m/z 1,000 Da revealed an increase in NNK, ethanol, and ethanol+NNK groups relative to control. (b) Principal component analysis (PCA) of IMS data acquired in negative-ionization mode was performed with ClinProTools using total MS spectra from ROIs of each group. PCA revealed distinct clusters for each experimental group, indicating exposure-related differences in hepatic lipid profiles. The m/z 391 and 439 ions were products generated by the neutral loss of the sn1 fatty acyl carboxyl group and sn2 inositol from the parent ion. The m/z 409 and 571 peaks were generated by loss of the sn2 fatty acyl chain as ketene and ketene+inositol from the parent ion. Lastly, m/z's 601 and 553 were assigned to products resulting from neutral loss of sn1 and sn2 fatty acyl carboxyl group from the parent ion.
species. Although PEs can be ionized in either positive or negative ion modes, the latter generates better profiles [41] . Negative ion mode fragmentation identified PE as one of the lipids (Figure 4(a) ) based on fatty acid anion fragments with m/z's of 283 (C18:0) and 303 (C20:4). The m/z 482 and m/z 480 ions, respectively, correspond to the neutral losses of sn1 carboxylic acid and the sn2 acyl chain as ketene from precursor ion. Finally, the head group ethanolamine phosphate ionization was detected at m/z 140.
Phosphatidylserine was identified due to loss of the serine group from the negative ion product spectrum, with attendant generation of a characteristic [M−H−serine] -ion fragment with a peak m/z of 723 (Figure 4(b) ). PS acyl chains were identified by the assignment of fatty acids as [1] neutral loss of sn1 carboxylic acid and serine from precursor ion ([M−H] -) at m/z 439, [2] neutral loss of sn2 carboxylic acid and serine from precursor ion at m/z 419, [3] loss of sn2 acyl chain as ketene (RCH− −C − −O) and serine from precursor ion at m/z 437, and [4] the presence of sn1 carboxyl ions at m/z 283 and sn2 carboxyl ions at m/z 303.
The third class of lipids identified in NNK and ethanolexposed livers was phosphatidylinositol (PI), based on its phosphatidic acid backbone with inositol linked via a phosphate group. The acidic nature of PI enables it to be ionized easily in the negative ion mode. We detected many PI species that varied in length and composition of fatty acid chains. For example, Figure 4(c) shows the product ion spectra resulting from the selection of anions at m/z 858. The m/z 241 and 223 ions correspond to inositol phosphate and inositol phosphate with loss of a water molecule. The m/z 255 and 303 fragment ions correspond to C16:0 and C20:4 fatty acid anions. The m/z 391 and 439 ions were products caused by the neutral loss of the sn1 fatty acyl carboxyl group and sn2 inositol from the parent ion. The m/z 409 and 571 peaks were generated by loss of the sn2 fatty acyl chain as ketene and ketene+inositol from the parent ion. Lastly, m/z's 601 and 553 were assigned to products resulting from neutral loss of sn1 and sn2 fatty acyl carboxyl group from the parent ion.
Discussion
This study was designed to characterize the biochemical pathology of steatohepatitis caused by ethanol, NNK or ethanol+NNK exposures. MALDI-IMS was used to compare the effects of these different exposures on hepatic lipid ion profiles, including the relative abundances of various phospholipids. This type of analysis anticipates future use of MALDI-IMS as a diagnostic aid for deciphering the underlying causes of steatohepatitis, as well as disease stage and response to treatment. We detected greater abundances of phospholipids in the range of 700-1,000 daltons in ethanol, NNK, and ethanol+NNK-exposed livers relative to control. Furthermore, the effects of ethanol versus NNK versus ethanol+NNK could be distinguished based on their differential hepatic expression levels and profiles of various phospholipid ions. Therefore, the results hold promise for eventually generating biochemical signatures that correspond to different underlying causes of steatohepatitis.
Chronic+binge alcohol exposures caused greater overall increases in hepatic phospholipids than NNK, although NNK selectively increased the abundance of several specific phospholipids. In addition, ethanol+NNK had additive or synergistic effects on certain phosphatidylinositols, but inhibitory effects on phosphatidylinositol m/z 934.8 relative to NNK or ethanol alone. Therefore, although NNK, ethanol, and dual exposures all caused steatohepatitis, their adverse effects could be distinguished according to hepatic phospholipid levels and profiles. These differential effects of ethanol, NNK, and ethanol+NNK could have been mediated by metabolic responses to cellular or macromolecular injury such as that caused by acetaldehyde, O 6 -methylguanine or both adduct accumulations.
MALDI-TOF/TOF analysis in the negative ion mode, combined with LIPID MAPS Database searches identified several of the glycerophospholipid species present in liver as phosphatidylinositols, phosphatidylserines or phosphatidylethanolamines. Head groups and fatty acyl chains were assigned based upon the product ion spectra. Most of the peaks corresponded to phosphotidylinositols, particularly PI 38:4 which was most abundant, as reported previously with respect to mouse liver [42] and rat brain [43, 44] . Glycerophospholipids, together with cholesterol and sphingolipids, are the major components (50-60%) of cell membranes and they have important roles in governing membrane structure, fluidity, and ion permeability. Glycerophospholipids also regulate cell signaling, apoptosis, membrane-bound enzymes, and ion channels. For example, phosphatidylinositols can serve as precursors to second messengers in transmembrane signaling [45] . Phosphatidylserines have critical cofactor roles in the binding and activation of signaling molecules, blood clotting factors, and apoptosis cascades [46] . Phosphatidylethanolamines are highly enriched in brain (45% of total phospholipids) [47] , but they also play major roles in sustaining the integrity of cardiomyocytes [48] . Furthermore, phosphatidylethanolamines serve as substrates for phosphoethanolamine N-methyltransferase (PEMT), which is used in liver to convert phosphoethanolamine to phosphocholine [49] .
Altered hepatic membrane phospholipid composition may represent one of the important mechanisms leading to ALD progression. For example, previous studies in experimental animal models revealed that chronic alcohol ingestion decreases polyenylphosphatidylcholine levels [50] . ALD-associated reductions in hepatic phosphatidylcholine could be mediated by lower production rates of phosphocholine from phosphoethanolamine due to acetaldehyde mediated inhibition of phosphoethanolamine-N-methyltransferase (PEMT). Furthermore, in humans, 1 H-31 P magnetic resonance spectroscopic imaging demonstrated higher ratios of glycerophosphorylethanolamine/ glycerophosphorylcholine (GPE/GPC) in both cirrhotic and noncirrhotic cases of ALD, and selectively elevated phosphoethanolamine/phosphocholine ratios only in cirrhotics with ALD relative to controls [51] . Although we did not conduct a broad investigation of all lipid ion profiles, data from the previous and current studies strongly suggest that disease/exposure-related abnormalities in hepatic phospholipid composition may be detectable via noninvasive imaging with results validated by MALDI-IMS.
